UNLV Theses, Dissertations, Professional Papers, and Capstones
5-1-2020

Infiltration into Water-Repellent Sand: The Role of Sorptivity
Rose Marie Shillito

Follow this and additional works at: https://digitalscholarship.unlv.edu/thesesdissertations
Part of the Hydrology Commons, Other Physics Commons, and the Soil Science Commons

Repository Citation
Shillito, Rose Marie, "Infiltration into Water-Repellent Sand: The Role of Sorptivity" (2020). UNLV Theses,
Dissertations, Professional Papers, and Capstones. 3958.
http://dx.doi.org/10.34917/19412172

This Dissertation is protected by copyright and/or related rights. It has been brought to you by Digital
Scholarship@UNLV with permission from the rights-holder(s). You are free to use this Dissertation in any way that
is permitted by the copyright and related rights legislation that applies to your use. For other uses you need to
obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons
license in the record and/or on the work itself.
This Dissertation has been accepted for inclusion in UNLV Theses, Dissertations, Professional Papers, and
Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.

INFILTRATION INTO WATER-REPELLENT SAND:
THE ROLE OF SORPTIVITY

By

Rose Marie Shillito

Bachelor of Arts – Geography
University of Arizona, Tucson
1984

Master of Science – Water Resources Administration
University of Arizona, Tucson
1996

A dissertation submitted in partial fulfillment
of the requirements for the

Doctor of Philosophy – Geoscience

Department of Geoscience
College of Sciences
The Graduate College

University of Nevada, Las Vegas
May 2020

Copyright by Rose Marie Shillito, 2020
All Rights Reserved

Dissertation Approval
The Graduate College
The University of Nevada, Las Vegas

November 25, 2019

This dissertation prepared by

Rose Marie Shillito

entitled

Infiltration into Water-Repellent Sand: The Role of Sorptivity

is approved in partial fulfillment of the requirements for the degree of

Doctor of Philosophy – Geoscience
Department of Geoscience

Markus Berli, Ph.D.

Kathryn Hausbeck Korgan, Ph.D.

Examination Committee Chair

Graduate College Dean

Elisabeth Hausrath, Ph.D.
Examination Committee Member

Ganqing Jiang, Ph.D.
Examination Committee Member

Teamrat Ghezzehei, Ph.D.
Examination Committee Member

Dale Devitt, Ph.D.
Graduate College Faculty Representative

ii

ABSTRACT
INFILTRATION INTO WATER-REPELLENT SAND:
THE ROLE OF SORPTIVITY

By
Rose Marie Shillito
Dr. Markus Berli, Examination Committee Chair
Associate Research Professor of Environmental Physics
University of Nevada, Las Vegas
Desert Research Institute

Soil water repellency (SWR) is believed to contribute to the increased potential for postfire runoff and erosion. Currently, no quantitative method exists to account for SWR in
physically-based runoff models. A physically-based model incorporating SWR (through the
contact angle) in the infiltration parameter, sorptivity, was developed. The model was tested and
verified with controlled laboratory tests on a fully characterized sand treated to create various
degrees of SWR. The ability to create the wetting water characteristic curve for untreated and
treated sand, appropriate for the infiltration process, was presented. Additionally, the ability to
measure sorptivity with widely used infiltration tests was assessed. The model predicted
sorptivity response to SWR remarkably well. The model was also able to account for the effect
of initial water content on sorptivity. SWR-altered sorptivity had a greater effect on cumulative
infiltration than did SWR-altered saturated hydraulic conductivity. In fact, it was determined that
sorptivity was the major component of three-dimensional cumulative infiltration for short and
intermediate times. However, a simple one-dimensional infiltration test proved to be a fast and
robust method to determine sorptivity for both untreated and treated sand. Overall, the model
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provided insight into the nature of sorptivity and its response to SWR. Ultimately, sorptivity is
the quantitative link between SWR and infiltration.
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CHAPTER 1
Dissertation Overview

The Thomas Fire, affecting Santa Barbara and Ventura counties in southern California,
began on December 4, 2017 and lasted until January 12, 2018. After a dry summer, the first
fall/winter season rainfall in Santa Barbara County was recorded on January 9, 2018, occurring
over the fire-affected watershed immediately upstream of the community of Montecito. By
January 10, there were 23 fatalities and 408 homes damaged or destroyed in Montecito due
solely to the ash-laden debris flows originating on the burned mountainous slopes (Kean et al.,
2019). This event is an example of the immediate and sometimes catastrophic aftereffects of
wildfires in or near urban areas throughout the western US—effects which are predicted to
increase (Dennison et al., 2014). Soil water repellency (SWR)—where water does not
immediately infiltrate into the soil—has been acknowledged as a feature of fire-affected areas
since its first appearance in the scientific literature in 1965 (Krammes & DeBano, 1965). While,
by extrapolation, it is generally believed that SWR increases the runoff and erosion potential
within and near fire-affected areas, Moody et al. (2013) wrote “…no mathematical relations have
been proposed that relate the degree of SWR to runoff”. The mechanism to understand why and
how SWR affects runoff does not exist. The focus of the research described here is to quantify
the effect of SWR on the process of infiltration (thus, runoff). The single hypothesis: the soil
infiltration property of sorptivity is functionally and quantitatively related to SWR. In the context
considered here, SWR is assumed to be a natural phenomenon and an uncontrollable
consequence of wildfire. Therefore, the ultimate application of the research is to increase the
accuracy and timing of post-fire flood warning and emergency response.
1

To progress, a contextual conceptualization was formulated within which a solution to
the effect of SWR on infiltration was addressed. The presence of SWR on infiltration on a dry,
fire-affected soil during the first post-fire rainfall event was assumed. This context is a broad
generalization of fire-prone areas in the western US. The specific definition of “sub-critical”
SWR will be explained in Chapter 2 and assumed throughout the dissertation.
The following chapter describes the development and laboratory testing of a quantitative,
physically-based model. The laboratory techniques used are not easily applicable in the field for
rapid and reliable measurements. Therefore, the analysis of data collected from testing the
suitability of commonly used field techniques to obtain results consistent with modeled results is
reported in Chapter 3. Chapters 2 and 3 are intended for publication (individually) and the
overall outline of the contents reflects that objective. Chapter 4 consists of the presentation and
discussion of some unique results. Chapter 5 includes a summarization of the research,
itemization of significant results, and indication of topics requiring further study.

2

CHAPTER 2
Quantifying the Effect of Subcritical Water-repellency on Sorptivity:
A Physically-based Model

2.1

Introduction
The occurrence of wildfire throughout the western U.S. can be catastrophic and is

expected to increase (Doerr & Santin, 2013). So, too, will flooding and erosion associated with
the subsequent rainstorms on fire-affected areas. Soil water repellency (SWR)—when water does
not immediately wet the soil—has frequently been observed after fires (Letey et al., 1962;
DeBano, 2000; Shakesby et al., 2000; Moody et al., 2013), and can increase the potential for
post-fire runoff and erosion. Particularly during the first post-fire rainfall event where, such as in
the montane western U.S., post-fire precipitation is frequently characterized by high-intensity,
short-duration rainfall on relatively steep slopes (Sheppard et al., 2002; Dennison, 2014).
Infiltration equations used in runoff models do not directly account for changes in SWR. As
stated in a review of post-fire runoff and erosion research, “…no mathematical relations have
been proposed that relate the degree of SWR to runoff” (Moody et al., 2013). This gap severely
limits our ability to simulate and predict land surface processes under rapidly changing fire
regimes in coupled human-natural systems.
In this study, we introduce a physically-based model to assess the effect of SWR on
infiltration. The model capitalizes on the equivalence between two well-known approaches to
simulate the flow of a liquid into a porous media: (a) Washburn’s (1921) model of liquid
penetration into a bundle of capillaries, and (b) Philip’s (1957a) diffusivity-based infiltration
model employing the capillarity-related property of sorptivity. The developed model was tested
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using silica sand treated to induce water repellency as a surrogate for natural field soil.
Additional experimental data illustrate the applicability of the model to a water repellency test
(water drop penetration time, WDPT), and the effect of water repellency on saturated hydraulic
conductivity and cumulative infiltration.

2.2

Theoretical considerations

2.2.1

Soil wettability, hydrophobicity and water repellency
Wettability of a solid surface with a liquid is defined by the contact angle, α, at a liquid-

solid-gas interface (Adamson & Gast, 1997) with:
𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠
α = cos −1 �
�
𝛾𝛾𝑙𝑙𝑙𝑙

(2.1a)

where γsg, γsl, and γlg represent the surface tensions between the solid-gas (sg), solid-liquid (sl)
and liquid-gas (lg) phases, respectively. This form of the 1805 Young equation highlights the
fact that the contact angle manifests the physio-chemical interaction among the various phases of
the system—in our case, the water (l) - soil matrix (s) system at the soil surface (atmospheric
conditions, g). Based on the Young equation, the familiar capillary equation (2.1b) allows for the
calculation of the rise of liquid, h, in a cylindrical tube of radius r:
ℎ=

2𝛾𝛾𝑙𝑙𝑙𝑙 cos 𝛼𝛼
𝜌𝜌𝜌𝜌𝜌𝜌

(2.1b)

where ρ is the liquid density and g the gravitational acceleration.
The contact angle at the liquid-solid interface can vary between 0° and 180° where a
surface with α = 0° is considered fully wettable and a surface with α = 180° is fully non-wettable.
In soils, these two limits are not generally encountered; thus, we consider only the range of very
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small to very large contact angles (0° < α < 180°) where the liquid-solid interaction ranges from
“wettable” or “hydrophilic” to “non-wettable” or “hydrophobic”, respectively. A contact angle of
90° is typically considered a threshold in the nature of wettability and, specifically, in capillary
theory.
Letey (1969, 2000, 2005), Shakesby & Doerr (2012) and Angulo-Jamillo et al. (2016)
defined SWR as the condition where water will not spontaneously enter the soil (without
applying additional forces). Using the capillary equation (2.1b), Letey reasoned this condition
corresponded to soil-water contact angles equal to or greater than 90°. Tillman et al. (1989)
noted that while some water repellent soils did wet spontaneously, the rate of wetting was
reduced by some degree of water repellency, presumably at contact angles less than 90°. Tillman
et al. (1989) referred to this condition of spontaneous but not necessarily instantaneous entry of
water into the soil as “sub-critical water repellency”. Hydrologically, sub-critical water
repellency is important since if rainfall does not enter the soil, it will become runoff. If the rate
water enters the soil (i.e. the infiltration rate) is reduced due to sub-critical water repellency,
runoff may occur. The reduced infiltration due to SWR—ultimately, the increasing rate of runoff
production—is the focus of our research.

2.2.2

Water infiltration into soil
In a series of papers named The Theory of Infiltration, Philip (1957a) presented an

analytical model to calculate cumulative infiltration, I, into a homogenous and isotropic soil as a
function of time, t:
𝐼𝐼(𝑡𝑡) = 𝑆𝑆𝑡𝑡

1�
2

+ 𝐴𝐴𝐴𝐴
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(2.2)

introducing S, the sorptivity, and A, a function of hydraulic conductivity, moisture content and
other soil properties. Philip (1957a) defined sorptivity as “a measure of the capacity of the
medium to absorb or desorb liquid by capillarity”, which can be interpreted as the capillarydriven component of water infiltration into soil. Philip noted that sorptivity was related to the
contact angle but neglected subsequent mention of contact angle (Philip, 1958) and later
rescinded his inclusion of contact angle in his formulation of (intrinsic) sorptivity (Philip, 1957a;
Philip, 1969; Tillman et al., 1989). These early considerations by Philip and others motivated the
exploration of sorptivity as a physically-based measure for SWR and hence the link between
SWR and infiltration.

2.2.3

A model to describe the sorptivity of sub-critically water repellent soil
Washburn’s equation (Washburn 1921) describes the penetration of a liquid into a

horizontal cylindrical tube of circular cross section driven by capillarity as:

𝑟𝑟𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 1⁄2
𝑥𝑥(𝑡𝑡) = �
𝑡𝑡�
2𝜇𝜇𝑙𝑙

(2.3)

with x(t) denoting the distance traveled by the liquid-gas interface at time t, r the radius of the
capillary, 𝛾𝛾𝑙𝑙𝑙𝑙 the surface tension between the liquid and the gas phase, and 𝜇𝜇𝑙𝑙 the dynamic

viscosity of the liquid. Assuming, as a first order approach, absorption into a horizontal soil
column can be modeled as liquid penetrating a bundle of horizontal, cylindrical capillaries,
Washburn’s equation can be upscaled to calculate an “average travel distance”, 𝑥𝑥̄ (𝑡𝑡), of the

liquid-gas interface into the bundle of capillaries as:

6

𝑟𝑟 ∗ 𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(
𝑥𝑥̄ 𝑡𝑡) = �
𝑡𝑡�
2𝜇𝜇𝑙𝑙

1⁄2

(2.4)

with 𝑟𝑟 ∗ an effective pore radius. For one-dimensional absorption of a liquid into a porous

material, 𝑥𝑥̄ (𝑡𝑡) can be derived from conservation of mass for the liquid phase, which yields:
𝑥𝑥̄ (𝑡𝑡) =

𝐼𝐼(𝑡𝑡)
𝜙𝜙𝑒𝑒

(2.5)

where I(t) is the cumulative amount of absorbed liquid and, φe is the effective porosity of the
material (i.e., the amount of pore space that can be filled by the absorbed liquid). Combining
equations 2.4 and 2.5, yields the following expression for cumulative absorption of a liquid into a
porous material due to capillarity:

𝑟𝑟 ∗ 𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐼𝐼(𝑡𝑡) = 𝜙𝜙𝑒𝑒 �
𝑡𝑡�
2𝜇𝜇𝑙𝑙

1⁄2

(2.6)

To describe water absorption into a horizontal soil column, Philip (1957a) provided a
simplified version of equation 2.2:

𝐼𝐼(𝑡𝑡) = 𝑆𝑆𝑡𝑡

1�
2

(2.7)
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Based on the similar structure of equations 2.6 and 2.7, sorptivity, S, can be calculated,
by analogy, as:

1⁄2

𝑟𝑟 ∗ 𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑆𝑆 = 𝜙𝜙𝑒𝑒 �
�
2𝜇𝜇𝑙𝑙

(2.8)

Equation 8 shows sorptivity is a function of the liquid-fillable pore space, expressed as
effective porosity, 𝜙𝜙𝑒𝑒 , and capillarity governed by the effective pore radius, 𝑟𝑟 ∗ , the surface

tension between the liquid and the gas phase, γlg, the dynamic viscosity of the liquid, μl as well as

the contact angle, 𝛼𝛼, of the iquid-solid interface. Note that equation 2.8 is limited to contact
angles ≤90°.

For water being absorbed into soil, the effective porosity, 𝜙𝜙𝑒𝑒 , can be defined as
𝜙𝜙𝑒𝑒 = 𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖

(2.9)

with 𝜃𝜃𝑖𝑖 the initial and 𝜃𝜃𝑓𝑓 the final volumetric moisture content of the soil. Combining equations

2.8 and 2.9 yields the following expression for sorptivity of water into soil:

⁄2

𝑟𝑟 ∗ 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 1
𝑆𝑆 = �𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 � �
�
2𝜇𝜇

8

[
(2.10)

Equation 2.10 shows that sorptivity is a function of initial, 𝜃𝜃𝑖𝑖 , and final volumetric

moisture content, 𝜃𝜃𝑓𝑓 , effective pore radius, 𝑟𝑟 ∗ , surface tension, 𝛾𝛾, and dynamic viscosity, 𝜇𝜇, of
water as well as the contact angle, 𝛼𝛼, of the soil-water-interface. The latter is particularly

relevant for this study as contact angle is a direct and physically-based measure of SWR. Note
that similar to equation 2.8, equation 2.10 is only valid for subcritical water repellency, 0 < 𝛼𝛼 <
90°, and the limit of 𝛼𝛼 = 90°.

To calculate sorptivity as a function of contact angle, 𝜃𝜃𝑖𝑖 , 𝜃𝜃𝑓𝑓 , 𝑟𝑟 ∗ , 𝛾𝛾 and 𝜇𝜇, need to be

known. The parameters 𝛾𝛾 and 𝜇𝜇 can be found in published Tables on the physical properties of

water (e.g. Kuchling, 1989) and 𝜃𝜃𝑖𝑖 and 𝜃𝜃𝑓𝑓 can be measured reasonably well or at least estimated.

For example, 𝜃𝜃𝑓𝑓 , can be estimated from the total porosity, 𝜙𝜙, or saturated volumetric moisture

content, 𝜃𝜃𝑠𝑠 of a soil. If water absorption leads to complete water saturation, the final volumetric

moisture content will be equal to total porosity or saturated water content, or 𝜃𝜃𝑓𝑓 = 𝜙𝜙 = 𝜃𝜃𝑠𝑠 . For

water absorption into an initially dry soil, however, complete water saturation is unlikely. Klute
(1986) therefore defines “natural saturation” or “satiated” (volumetric) water content as 0.8𝜃𝜃𝑠𝑠 to

0.9𝜃𝜃𝑠𝑠 —i.e., only 80% to 90% of pores can be water-filled due to initial absorption or infiltration.

Dullien (1992) shows experimental data indicating the non-wetting (air-filled) portion of the pore
space can range up to 60% of total porosity (i.e., natural saturation ≤ 0.4𝜃𝜃𝑠𝑠 ). For this study, we

estimated the final volumetric moisture content, 𝜃𝜃𝑓𝑓 , as the difference between total porosity, 𝜙𝜙,
and air-filled porosity, 𝜙𝜙𝑎𝑎𝑎𝑎𝑎𝑎 .

The effective pore radius, r*, can be interpreted as the radius of a cylindrical capillary

within which a liquid will rise to the same height, h, as the same liquid rises due to capillary
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forces in a column of the porous material. By analogy, r* can be calculated from measured
capillary height, h, by rearranging the capillary equation (2.1b) as:

𝑟𝑟 ∗ =

2𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝜌𝜌ℎ

(2.1c)

with parameters as defined earlier. For this study, we followed this analogy and treated r* as an
empirical parameter determined experimentally. Further, for a porous material with known r*,
the contact angle, α, can be calculated from the capillary height, h, of an upward infiltration test
again using equation 2.1b:

𝑟𝑟 ∗ 𝜌𝜌𝜌𝜌ℎ
𝛼𝛼 = cos−1 �
�
2𝛾𝛾𝑙𝑙𝑙𝑙
2.3

Experimental techniques and data

2.3.1

Sand and sample preparation

(2.1d)

All experiments were carried out on a #40-70 grade sand (96% silica, particle density of
2650 kg m-3, Agsco Corp.). Silica sand instead of natural soil was used for all experimentation
since the water repellency of silica sand was easier to control than water repellency of natural
soil. A particle size analysis of the sand (Malvern Mastersizer 3000) yielded approximate D50
and D10 of 412 µm and 243 µm, respectively. The particle diameters of the smallest particle size
class detected for the sand ranged from 150 to 125 µm (0.25%); the smallest equipmentdetectable particle diameter was 0.01 μm.

10

Sand for all experiments was first washed with 0.5% (v/v) hydrochloric acid to eliminate
any acid-soluble material from the sand and dried in a convection oven at 105°C for 24 hours.
The acid-washed sand was then separated into two batches. The first batch (“treated sand”), was
dyed with water-based rhodamine dye (ARCOS Organics) to differentiate treated from untreated
sand, and oven-dried at 105°C for 24 hours. The dyed sand was then sprayed with commercially
available ScotchgardTM to induce water repellency and then, again, dried at 105°C for 24 hours.
Sand from the second batch was left untreated (“untreated sand”). Sand treatments of different
levels of water repellency (WR) were achieved by mixing treated with untreated sand at specific
mass ratios. For example, 20% water repellent (20% WR) sand was composed of 20% treated
and 80% untreated sand. A 0% WR sand was composed of untreated sand only. Sufficient
untreated and treated sand was prepared to ensure all experiments used the same preparation of
acid-washed sand. For each experiment, fresh untreated and treated sand was used; sand was not
reused for experimentation.

2.3.2

Effective pore radius, contact angle and sorptivity
To determine effective pore radius, contact angle, and sorptivity of the sand, a series of

upward infiltration (also called capillary rise or “wicking”) experiments were carried out.
Upward infiltration is a standard technique to determine the effective contact angle of porous
media (Kwok & Neumann, 1999; Chau, 2009; Yuan & Lee, 2013). For all upward infiltration
tests, sand columns were prepared by packing sand into clear acrylic cylinders (25 mm inner
diameter, 500 mm height) with a fine nylon mesh (Soil Measurement Systems) tautly attached to
the bottom. Consistent packing was achieved by adding sand to the cylinder at an angle and,
once the cylinders were filled to the desired height, were tamped 10 times. The final height and
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mass of sand in the cylinders were recorded to calculate bulk density and porosity of each sand
column. The columns were then vertically suspended and lowered into a reservoir filled with
liquid so that the bottom of the cylinder was submerged 3 cm below the reservoir liquid surface
(Figure 2.1).

Figure 2.1. Image of an upward infiltration test using untreated sand and water. Blue dye has
been added to the infiltrating water to better show the water level.
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A first set of upward infiltration tests was carried out to determine the effective pore
radius, r*, of the sand. Five columns with dry, untreated sand were prepared and lowered into
reservoirs of ethanol. After 24 hours, the height between the reservoir free liquid surface and the
height of the ethanol-wetted sand column was recorded to determine the capillary height, h, of
the ethanol infiltration front. Ethanol was used since it is considered to fully wet solid soil
surfaces, i.e. ethanol is considered to have a contact angle of 0° (Letey 2000). With the known
contact angle, α = 0°, and the capillary heights, h, from the five upward infiltration tests, an
effective pore radius r* was calculated for each column using equation 2.1c.
A second set of upward infiltration tests was carried out to determine the sorptivity and
contact angle of air-dry sand (𝜃𝜃𝑖𝑖 = 0%) for 0%, 5%, 10%, 20%, 30%, and 40% WR treatments.

Five replicate columns were prepared for each WR treatment as described above and sand-filled
heights and weights were recorded. The columns were then vertically suspended in a reservoir of
de-ionized water to a depth of three cm to start the upward infiltration experiment (t = 0). The
column was then removed from the reservoir, quickly weighed, and then re-suspended into the
reservoir to the same depth. This procedure was repeated for a total of approximately 90 seconds
or at least five times to measure mass gain of the columns as a function of time to capture early
time upward infiltration behavior. Recording changes in column mass rather than visually
tracking the infiltration front was recommended by Hall & Hoff (2012) who found that visually
tracking the infiltration front was less accurate than recording column mass to determine
cumulative infiltration as a function of time. After the last weighing cycle, the columns remained
suspended vertically in the water reservoir for 24 hours. Similar to the experiments with ethanol,
the height between the free water surface in the reservoir and the infiltration front in the sand
column was recorded as the capillary height, h, and used to calculate the contact angle of the
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sand for water (equation 2.1d) using the previously determined effective pore radius r*.
Sorptivity and contact angle were determined for each column from the same upward infiltration
test.
Sorptivity was calculated following the procedures by Hall & Hoff (2012) and ASTM
International Standards C1585-13 and C1403-15. Cumulative infiltration as a function of time,
I(t), was calculated from cumulative mass as a function of time, m(t), according to:

𝐼𝐼(𝑡𝑡) =

𝑚𝑚(𝑡𝑡)
𝜌𝜌𝜌𝜌

(2.11)

where ρ is the density of water and a the cross sectional area of the cylinder opening. Cumulative
infiltration was then plotted vs. the square root of time, I(t1/2). For upward infiltration tests into
homogenous, fine-textured materials (e.g. clay, bricks), I(t1/2) is linear and sorptivity, by
definition of equation 2.7, is the slope of the linear I(t1/2) relationship. For upward infiltration
tests where gravity effects cannot be neglected (e.g. for coarse-textured materials such as sand),
I(t1/2) may not be linear and the data are analyzed using Philip’s solution for upward infiltration
(Philip, 1969; Talsma, 1969):

𝐼𝐼(𝑡𝑡)𝑢𝑢𝑢𝑢 = 𝑆𝑆𝑡𝑡

1�
2

− 𝐴𝐴𝐴𝐴

(2.12)

Hall & Hoff (2012) recommend fitting non-linear I(t1/2) data with equation 2.12 where
sorptivity is the coefficient of the first order term. An example of upward infiltration data from
which sorptivity was calculated appears in Figure 2.2.
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Figure 2.2. Upward cumulative infiltration data. Measured (circles) and fitted (dashed line) data
as a function of the square root of time for air-dry, untreated sand (0% WR). The best fit with
Philip’s upward infiltration equation (Eq. 12) yields I = 7.471t1/2 – 0.5108t and therefore a
sorptivity of 7.471 mm sec-1/2.

A third set of upward infiltration experiments was carried out to determine sorptivities
and contact angles of untreated sand (0% WR) but with varying initial volumetric moisture
contents, θi, ranging from 0% to 22%. Three replicate columns were prepared for each initial
moisture content, and upward infiltration experiments were performed as described above. For
each upward infiltration experiment, the bulk densities of all sand column was determined and
recorded.
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To validate the contact angle measurements from upward infiltration tests, contact angles
of sand treatments ranging from 0% WR to 100% WR, were measured independently using an
optical tensiometer (Attension Theta, Biolin Scientific). Additionally, the mixing model by
Cassie & Baxter (1944):

cos 𝛼𝛼𝑐𝑐 = 𝑓𝑓1 cos 𝛼𝛼1 + 𝑓𝑓2 cos 𝛼𝛼2

(2.13)

was used to estimate contact angles for different WR sand treatments, with f1 and f2 representing
the mass fractions of sand having contact angles α1 for 0 %WR and α2 for 100% WR treatments.
For all calculations, liquid density, surface tension, and dynamic viscosity at 25°C
(ambient laboratory temperature) were used with 787 kg m-3 and 21.78 mN m-1 for density and
surface tension of ethanol (Kuchling, 1989) as well as 997.04 kg m-3, 71.98 mN m-1, and 0.8901
mPa s for density, surface tension, and viscosity of water (Hall & Hoff, 2012).

2.3.3

Water drop penetration time (WDPT)
The degree of water repellency for treated soils was measured by the water drop

penetration time (WDPT) test (Doerr, 1998). Five drops of de-ionized water were applied to the
surface of sand samples and the elapsed time at which the drop was absorbed was noted as
WDPT. The reported WDPTs are medians of the WDPTs of the five individual drops. Although
the average times are sometimes reported in the literature, average and median WDPTs were
virtually indistinguishable for our WDPT tests with the difference found to be due to the mixing
homogeneity of the sand mixtures.
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2.3.4

Saturated hydraulic conductivity
The saturated hydraulic conductivity, Ks, of 0%, 20% and 40% WR sand was measured

using the falling-head method (Jury et al, 1991). Sand samples were packed into acrylic cylinders
six cm in diameter to a height of approximately six cm, and soaked in de-ionized water for 24
hours before Ks falling head measurements were carried out. Five replicate columns were
prepared for each of the three WR treatments.

2.4

Results and Discussion

2.4.1

Effective pore radius and contact angle
Initial independent column packing trials (n = 5) using untreated sand yielded an average

bulk density of 1744 kg m-3 (SD = 8.9 kg m-3). From 24-hr capillary heights measured in upward
experiments using ethanol and untreated sand in combination with equation 2.1c, an average
effective radius r* of 49.4 μm (SD = 2.2 μm) was calculated. The upward infiltration method to
determine the effective pore radius of the experimental sand proved to be robust but is limited to
laboratory settings. For field applications, we explored relationships between the effective pore
radius and soil particle diameter information that could be inferred from readily available particle
size distributions. Assuming equivalence between pore size and particle size, the experimentallyderived effective pore radius of 49.4 μm—or corresponding effective pore diameter of 98.8
μm—was smaller than the smallest detected particle size diameter of about 125 μm obtained
from the particle size analysis of the sand. Lu & Likos (2004) presented empirical relationships
between capillary height and D10 (particle diameter for which 10% by weight of material is finer)
based on earlier studies by Lane & Washburn (1946) and stated that D10 may better represent the
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smallest pores functionally associated with capillarity in soils than the median particle diameter
D50. For the rather narrow pore size distribution of the experimental sand, the measured effective
radius corresponded to approximately 12% of the D50 and 20% of the D10.
Figure 2.3 shows averaged contact angles (n = 5) from upward infiltration tests for 0, 5,
10, 20, and 40% WR sand. Additionally, contact angles for 0, 20, 40, and 100% WR sand from
optical tensiometer measurements are shown. There is a clear relationship between the contact
angle and level of water repellency of the sand, indicating that the contact angle is not only a
theoretical (Eq. 1) but also a practical measure of SWR. The results in Fig. 3 also show that
different mixtures of untreated and ScotchgardTM-treated sand can be used to engineer sand
treatments of a specific contact angle ranging from 42° for 0% WR to 120° for 100% WR sand.
Contact angles from upward infiltration and optical tensiometer measurements closely agreed.
For the upward infiltration experiments, only sand treatments up to 40% WR could be tested,
yielding a maximum contact angle of 88°. A contact angle of 90° is considered the operational,
upper limit for the upward infiltration test, consistent with the definition of sub-critical water
repellency. In an upward infiltration experiment with 100% WR sand, no upward infiltration into
the sand column was evident after seven days. The optical tensiometers were able to measure
contact angles >90° and yielded contact angle of 120° for the 100% WR sand.
It is worth noting that the untreated silica sand (0% WR) exhibited a contact angle of 42°.
This phenomenon has also been reported by Letey et al. (1962) who found contact angles
between 43˚ and 52˚ for untreated quartz sand. Similar results were reported by King (1981),
Kumar & Malik (1990), and Bachmann et al. (2003) where samples of (untreated) field soils
exhibited non-zero contact angles (measured by various methods) generally ranging from 42° to
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141°. Tillman et al. (1989) suggested that these non-zero contact angles are the rule rather than
the exception, and a contact angle of 0°, as commonly assumed for soil, is unlikely to occur.
The mixing model by Cassie & Baxter (1944) (equation 2.13) provides a relationship
similar to that measured between %WR and contact angle (Figure 2.3). However, the contact
angles calculated using equation 2.13 systematically underestimated the measured contact angles
for the WR treatments (except for the 0% WR and 100% WR treatments, which were used as
input for the mixing model calculations). The difference between measured and calculated
contact angles is likely due to other phenomena that affect contact angles such as surface or
liquid heterogeneities or particle surface topography, resulting in an apparent contact angle of a
system (Adamson & Gast, 1997) not accounted for in the mixing model. For example, Ghezzehei
(2004) showed the contact angle of water on a (silica) glass surface can range from less than 10°
up to 34° depending on the degree of glass surface sterilization. For practical purposes, the
Cassie & Baxter (1944) equation can provide a valuable but conservative estimate for the contact
angle of a sand mixture when the contact angles and mass fractions of the respective components
are known.
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Figure 2.3. Contact angles and %WR. Average contact angles (with SD) measured using upward
infiltration tests (open circles and bars), sessile drop methods with an optical tensiometer
(triangles) as well as calculated contact angles using the Cassie-Baxter (1944) mixing equation
(solid line). The dashed line indicates the 90˚ contact angle.
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2.4.2

Water drop penetration time and contact angle
The water drop penetration time (WDPT) test is arguably the most frequently used

procedure to assess the degree of SWR in the laboratory and in the field. Therefore, WDPT tests
were performed on air-dry samples of treated sand for which both the treatment (%WR) and
associated contact angles were known. The results (Figure 2.4) demonstrate a clear but nonlinear relationship between median WDPT and average contact angle, with increasing contact
angles associated with increasing WDPT. Times ranged from the visually instantaneous
disappearance of the drop (shown as approximately 0 seconds) for a sand with a contact angle of
42° (0%WR) to nearly 5700 sec for a sand with a contact angle of 88° (40%WR).
There are several classification schemes associating WDPTs and degree of soil water
repellency. One classification scheme by Doerr & Shakesby (2012), incorporating the features
and data from other studies, has been superimposed on the data shown in Figure 2.4. Using this
classification, sand with WDPTs less than five seconds are considered “wettable”, which include
the samples having contact angles of 42° to 70° (0%WR to 20%WR sand, respectively). Sands
with WDPTs greater than five seconds are considered “water repellent”, here including the sand
treatments with contact angles of 72° to 88° (25% WR to 40%WR, respectively). Further, the
Doerr & Shakesby classification includes water repellency persistence ratings ranging from
“slight” to “extreme”, ratings which encompass the times associated with the 25%WR to
40%WR sand. Yet, all sand treatments for which WDPT data was collected (Figure 2.4)
exhibited contact angles less than 90°, i.e., sub-critical water repellency. Although specific to the
sand tested, the results showed the WDPT test was sensitive to sand treatments with contact
angles greater than about 72°, but insensitive to contact angles less than that. Ultimately, along
with Jaramillo-Angullo et al. (2016), the approximate nature of the WDPT is acknowledged.
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Figure 2.4. Contact angles and WDPT. Average contact angles as a function of median water
drop penetration times (WDPTs) for treated sands of 0, 10, 20, 25, 30, and 40% WR. A threshold
of 5 sec WDPT is shown, separating the “wettable” and “water repellent” domains. The data
point for 25% WR (WDPT measured; contact angle interpolated from data in Figure 2.3) was
added to better illustrate the relationship between contact angle and WDPT at the transition from
wettable to water repellent. Upper limits for WDPT class intervals and persistence ratings are
given according to Doerr & Shakesby (2012). Note all contact angles were lower than 90°.

2.4.3

Sorptivity and contact angle
The core of this research was to establish and validate the relationship between sorptivity

and contact angle (i.e. water repellency) evident in equation 2.10. First, arithmetic means for
sorptivity and contact angles measured for 0%, 5%, 10%, 20%, and 40% WR sand treatments are
shown in Figure 2.5 with error bars representing confidence intervals (CIs). The data show
sorptivity decreased as contact angles (%WR) increased. The greater degree of variability in
sorptivity data than in the contact angle data was likely due to the upward infiltration
methodology to determine the sorptivity, which involved removing the column from the water
reservoir, weighing the column, then re-suspending the column in the reservoir. Second, using
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only experimentally determined effective pore radius (r* = 49.4 μm) and effective porosity (𝜙𝜙𝑒𝑒 )
for initially dry and untreated sand, and published values for surface tension and dynamic

viscosity of water at 25 °C, sorptivities were calculated for a range of contact angles from 0° to
90° using Eq. 10. Effective porosity, 𝜙𝜙𝑒𝑒 , was calculated as the difference between final and

initial moisture, θf – θi, where θi = 0 for oven dry sand, and θf was determined from the upward
infiltration experiments at various initial moisture conditions. The results appear as a solid line in
Figure 2.5, again showing a decreasing, but non-linear, relationship between sorptivity and
contact angle. A comparison of associated measured and predicted sorptivity values yielded a
remarkably close agreement (R2 = 0.97, p = 0.0017).
The non-linear, cosine-relationship between sorptivity and contact angle indicates a
maximum sorptivity at contact angle 0° and minimum sorptivity at contact angle 90° (equation
2.10). Small changes in sorptivity are associated with small contact angles, and large changes in
sorptivity with larger contact angles especially when approaching 90°. Specifically, the sorptivity
at a contact angle of 0° is only 15% greater than the sorptivity at 42° (0% WR sand), but the
sorptivity at a contact angle of 70° (20% WR sand) is about 50% lower than at 42°. When
considered with the results of the WDPT test shown in Figure 2.4, the sorptivity-contact angle
data in Figure 2.5 indicate the sorptivity of the experimental sand had decreased by about half
when the WDPT (at five seconds) is able to discern the “water repellent” condition of the sand.
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Figure 2.5. Measured and calculated sorptivity. Sorptivities versus contact angle for an initially
air dry soil (θi = 0). Symbols represent arithmetic means (n = 5) for sorptivity and contact angles
for 0%, 5%, 10%, 20%, and 40% WR sand. Error bars indicate 95% confidence intervals (df =
4). Equation 2.10 was used to calculate sorptivity as a function of measured contact angle (solid
line) using an effective pore radius r* = 49.4 μm, initial volumetric moisture content θi = 0 and
final volumetric moisture content θf = 0.19.

The measured and predicted data shown in Figure 2.5 elucidate several features of
sorptivity. First, sorptivity is clearly a function of contact angle—thus, sorptivity directly
manifests water repellency through the contact angle. Second, sorptivity is greatest at a contact
angle of 0° and decreases monotonically as the contact angle increases; eventually, sorptivity
ceases at a contact angle of 90°, which is consistent with capillary theory. Third, sorptivity is not
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strictly equivalent to capillarity. Equation 2.10 indicates sorptivity is a balance between capillary
forces and viscous forces. Fourth, sorptivity is directly related to an effective pore size
(expressed in term of the effective pore radius, r*), whereas capillarity is inversely related to
pore size. Fifth, sorptivity changes as a function of initial moisture content, θi, although all
results presented so far have been based on dry initial moisture conditions (θi = 0), ensuring
comparable effective porosities (equation 2.9). Should the initial moisture change, so too should
the effective porosity and resulting sorptivity. We postulate the lack of clear relationship
between soil sorptivity and water repellency to date is due to the lack of specification in water
repellency (or contact angle), texture (effective pore size), and initial moisture conditions for the
data sets—all of which are accounted for in equation 2.10.

2.4.4

Sorptivity and initial moisture content
The influence of initial moisture content on sorptivity was explored for untreated (0%

WR) sand using upward infiltration measurements and model calculations employing equation
2.10, as well as the models by Philip (1957b) and Brutsaert (1976). For easier comparison of
measured with calculated values, relative sorptivity, S/S0, and relative initial moisture contents,
𝜃𝜃𝑛𝑛 , instead of sorptivity, S, and initial moisture content, 𝜃𝜃𝑖𝑖 , were calculated. S0 was defined as

the average sorptivity of the untreated sand at a contact angle of 42° and at 0% initial moisture
content. Relative initial moisture content, 𝜃𝜃𝑛𝑛 , was defined as 𝜃𝜃𝑛𝑛 = 𝜃𝜃𝑖𝑖 /𝜃𝜃𝑓𝑓 with 𝜃𝜃𝑖𝑖 the initial and

𝜃𝜃𝑓𝑓 the final volumetric moisture content when no capillary rise was noted. Figure 2.6 shows

measured relative sorptivities determined from upward infiltration experiments at relative initial
moisture contents, 𝜃𝜃𝑛𝑛 , of 0.00, 0.07, 0.36, 0.72 and 1.00.
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Figure 2.6. Sorptivity and initial moisture. Relative sorptivity, S/S0, as a function of relative
initial moisture content, 𝜃𝜃𝑛𝑛 , for untreated sand (0% WR). S0 is defined as the average sorptivity
of the untreated sand (0% WR sand, α = 42°) and 0% initial moisture content. Relative initial
moisture content, 𝜃𝜃𝑛𝑛 , is defined as 𝜃𝜃𝑛𝑛 = 𝜃𝜃𝑖𝑖 /𝜃𝜃𝑓𝑓 with 𝜃𝜃𝑖𝑖 the initial and 𝜃𝜃𝑓𝑓 the final volumetric
moisture content of the sand.

Circles show relative sorptivity from upward infiltration experiments while the solid line
shows relative sorptivity calculated using Eq. 10. The dashed line shows relative sorptivity
calculated using a simplified equation proposed by Philip (1957b), and the dot-dash line was
calculated using the two-part approximation by Brutsaert (1976). Hall et al. (1983) indicate the
Brutsaert solution is within about 5% of the full solution by Philip (1957b) and was considered
the basis for comparison. As expected, sorptivity decreased with increasing initial moisture
content. According to Philip (1957b) and Brutsaert (1976) the relationship is non-linear as their
model calculations as well as the measurements indicate. For relative initial moisture contents
26

less than about 0.5, the Philip and Brusaert models simulated relative sorptivity values better
than Eq. 10. For higher relative initial moisture contents, however, sorptivity values calculated
using Eq. 10 agreed well with the measurements as well as the Brutsaert model calculations.
The non-linear relationships between sorptivity and initial soil moisture that results from
the work by Philip (1957b) and Brutsaert (1976) may represent the underlying process more
accurately than the linear relationship evident in equation 2.10 (Philip, 1957b; Hall et al., 1983).
Since equation 2.10 incorporates conservation of mass as given in equation 2.5, equation 2.10
likely oversimplifies the relationship between sorptivity and initial moisture content. Despite this
limitation, however, equation 2.10 provides a reliable lower limit and, therefore, a conservative
estimate for sorptivity as a function of initial moisture content, which may be sufficient for many
practical applications.

2.4.5

Sorptivity and water drop penetration time
As WDPT is frequently used to assess the degree of SWR, we explored the relationship

between WDPT and sorptivity for the experimental sand. Figure 2.7 shows relative sorptivity,
S/S0 (where S0 is the value of sorptivity at θi = 0 and contact angle, CA, = 42°) as a function of
WDPT for 0%, 10%, 20%, 30% and 40% WR sands.
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Figure 2.7. Sorptivity and WDPT. Relative sorptivity, S/S0, as a function of water drop
penetration time for 0%, 10%, 20%, 30% and 40% WR sands. S0 is defined as the average
sorptivity of the untreated sand calculated for 0% initial moisture content and 42˚ contact angle.

Relative sorptivity decreases logarithmically with increasing WDPT and the two
parameters are closely correlated (R2 = 0.92). This close correlation is limited to the
experimental sand but indicates similar relationships may exist for field soils of other textures.
The relationship shown in Figure 2.7 allows for the estimation of the extent to which SWR,
expressed in terms of WDPT, reduces sorptivity. For example, a WDPT of five sec indicates a
reduction of sorptivity by 36% relative to the reference sorptivity for 0% WR sand. For WDPT
of 100 sec, sorptivity is reduced by 40% and for WDPT of 104 sec by 63%. Considering the large
amount of WDPT data that is routinely collected on soils after fires, soil specific WDPTsorptivity relationships may provide a better indication of SWR effects on sorptivity, thus
infiltration, than WDPT alone.
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2.4.6

Saturated hydraulic conductivity of water repellent sand
Figure 2.8 shows the arithmetic means and standard deviation of the Ks measurements (n

= 5) for 0%WR, 20%WR, and 40%WR sand (contact angles of 42°, 71°, and 88°, respectively).

Figure 2.8. Ks and %WR. Averaged saturated hydraulic conductivity, Ks, for 0%, 20%, and 40%
WR sand treatments. Error bars represent standard deviation (n = 5).

The average Ks of 40% WR sand (contact angle of 88°) was 13% lower than the average
Ks of 0% WR sand (contact angle of 42°). For comparison, the same difference in water
repellency decreased sorptivity by 83% as shown in Figure 2.5. The data displayed a discernable
but small decrease in average Ks with increasing water repellency. However, the Ks data were
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collected under optimal laboratory conditions and the small differences be difficult to detect
under field conditions.
Saturated hydraulic conductivity, Ks, is a soil hydraulic property frequently measured to
assess fire effects on soils and watershed conditions. Several studies have reported differences in
pre- and post-fire Ks (Moody et al., 2013); others have been at a loss to explain the lack thereof
(Ebel et al., 2018). From a physical perspective, Ks (or more generally, intrinsic permeability k)
is a structural property of a porous media, and “a constant for rigid, saturated soil in a given
geometric configuration” (Jury et al., 1991). Unless the pore structure of the soil changes during
a fire, Ks should not be affected. However, Albalesmeh et al. (2013) and Jian et al. (2018) have
shown that even relatively low-intensity fires can weaken secondary (aggregate) soil structure
with subsequent environmental factors (e.g., wetting/drying or freezing/thawing) leading to soil
structural changes. For the experimental sand with single grain structure (i.e. structureless sand),
the observed small changes in Ks are unlikely to reflect structural changes of the sand. A more
likely reason for decreasing Ks values with increasing SWR is due to incomplete saturation of the
water repellent sand samples in the falling head experiments.

2.4.7

Infiltration into water repellent sands
The effect of altered SWR on cumulative infiltration was illustrated using measured

values for sorptivity and Ks and Philip’s equation (equation 2.2) with A = 0.5Ks (Tindall et al.,
1999). The results appear in Figure 2.9 showing cumulative infiltration as a function of time over
an 1800 second (30-minute) simulation period.
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Figure 2.9. Infiltration of water repellent sand. Cumulative infiltration as a function of time using
Philip’s equation: I(t) = St1/2 + 0.5Kst as well as measured sorptivity and saturated hydraulic
conductivity for 0% WR and 40% WR sands. The sorptivity corresponding to α = 0° was
estimated from equation 2.10; the corresponding Ks was assumed equal to that measured for 0%
WR.

Comparing line (b) with (c) (similarly, comparing line (d) with (e)) illustrates a decrease
of about 8% in cumulative infiltration for the 30-minute period if altering only Ks values for the
0% WR sand (and 40% sand). Comparing lines (b) with (d), or lines (c) with (e), illustrates the
effect of altering only sorptivity—cumulative infiltration decreases by about 34%. The effect of
WR-altered sorptivity on cumulative infiltration is more than four times the effect of WR-altered
Ks. Further, comparing lines (b) and (e), calculated using appropriate measured values for
sorptivity and Ks, yields a 42% reduction in cumulative infiltration associated with an increase in
water repellency from 0% WR to 40% WR. Essentially, for a 30-minute infiltration event, the
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reduction in cumulative infiltration due to SWR is predominantly a response to the decrease in
sorptivity rather than to decreased Ks. Further, as cumulative infiltration is non-linear, the overall
effect of altered sorptivity (i.e., SWR) increases as event time decreases, a result particularly
relevant for semi-arid and arid environments characterized by high intensity, short duration
precipitation.
It is interesting to note, by comparing lines (a) and (b), cumulative infiltration for a
theoretically fully wettable sand (with α = 0°) would increase by 5% from the untreated sand.
Although the difference in cumulative infiltration is rather small, current infiltration theories
implicitly assume a contact angle of 0°.

2.5

Summary and conclusions
The objective of this research was to develop a physically-based and quantitative

response to the question—what is the effect of post-fire soil water repellency (SWR) on
infiltration? Ultimately, the application is for post-fire runoff assessment. For a post-fire
response, we focused on infiltration for the first precipitation event after a wildfire where we
could assume initial soil moisture, θi, was close to zero. We also assumed short precipitation
events with infiltration times of 30 minutes or less, corresponding to precipitation events
characteristic of the summer wildfire and rainfall season in the southwest US.
Based on well-established capillary theory coupled with Philip’s infiltration equation we
developed a simple model for sorptivity (a soil hydraulic property directly related to infiltration)
as a function of surface tension, viscosity and effective contact angle of the water and porous
media properties, namely the effective pore size, porosity, and initial moisture content of the soil.
As a direct measure for SWR, this effective contact angle served as the link between SWR and
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infiltration through sorptivity. We validated the sorptivity model using measured sorptivity data
from laboratory upward infiltration experiments with sand of known SWR and effective contact
angles ranging from 41˚ to 88˚, which covers a considerable part of the SWR range for subcritically water repellent soil (i.e. effective contact angle ranging from 0˚ to 90˚).
The sorptivity model developed in this study yields several important features of
sorptivity. First, the sorptivity-effective pore size corresponded to the smaller particles of the
particle size distribution of the sand. Second, sorptivity is clearly related to contact angle (i.e.,
SWR). Third, sorptivity is related, but not equivalent, to capillarity. Further laboratory
measurements on water repellent sand confirmed the dependence of sorptivity on initial moisture
conditions—a condition captured by the developed equation. Sorptivity decreases as initial
moisture content increases. Overall, sorptivity is at a maximum (for a specific media) at a contact
angle of 0° and at an initial moisture content of 0.
The results of the water drop penetration time tests on the experimental sand treatments
show times ranging from “non-wettable” to “severely water repellent” even though contact
angles ranged from only 42° to 88°. These sand treatments were all considered “sub-critically”
(< 90°) water repellent. Although the classification of WDPT is problematic, specification of
water repellency based on WDPT without consideration of the media and moisture content can
lead to mis-specification of the effect of water repellency in, for example, infiltration and runoff.
The saturated hydraulic conductivity of the sand treatments was measured. Although
contact angles for the sand treatments ranged from 42° to 88° (untreated to highly water repellent
sand), the saturated hydraulic conductivities associated with these sands were not appreciably
different for the structureless experimental sand. The effect of measured sorptivity and saturated
hydraulic conductivity together for specified water repellency treatments, was assessed using
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Philip’s infiltration equation. For a 30-minute infiltration event, the effect of water-repellency
altered sorptivity greatly exceeded the effect of water-repellency altered saturated hydraulic
conductivity.
Overall, the developed equation directly associates infiltration to SWR via sorptivity and
the effective contact angle. The effect of particle distribution (via an effective pore radius),
porosity, and initial soil moisture, on sorptivity can now be quantified. Assuming the
experimental sand as a proxy for natural field soils, this leads to the conclusion that the effect of
SWR on infiltration not only depends on some measure of SWR (e.g. the WDPT) but also on soil
texture and initial soil moisture content. However, a more in-depth analysis and modified
interpretation of the WDPT test may be needed to capture the resultant effect on sorptivity.
We conclude that the effect of SWR on infiltration can be quantified through
sorptivity. The sorptivity model developed and tested herein can be used to predict the effect of
fire-induced SWR on infiltration through sorptivity. The sorptivity model requires only two soil
specific properties (effective pore radius and total porosity) and the antecedent moisture state of
the soil at the beginning of the storm event. The sorptivity model indicates the necessary field
measurements. We believe the application of the sorptivity model to already existing sorptivity
data and future fire-affected sorptivity data will lead to clearer understanding of the specific
effect of SWR on post-fire infiltration and, ultimately, on post-fire hydrology.
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CHAPTER 3
The Measurement of Sorptivity on Sub-Critical Water-Repellent Sand

3.1

Introduction
Sorptivity is not a frequently measured soil hydraulic property. But, perhaps, it should be.

J.R. Philip introduced the concept of sorptivity in his series The Theory of Infiltration as “a
measure of the capacity of the medium to absorb or desorb liquid by capillarity” (Philip, 1957a,).
Since then, however, there exist only a handful of sorptivity data sets for soils (Talsma, 1969;
Tillman et al., 1989) because sorptivity is generally considered an ambiguous early-time
infiltration phenomenon and is sensitive to initial conditions. Results of sorptivity measurements
have been unclear, and interpretation has been problematic (Ebel et al, 2018). Thus, sorptivityrelated research has been vastly overshadowed by its infiltration complement—hydraulic
conductivity (K). For example, no sorptivity data exists within the USDA-NRCS soil databases,
and is absent from the NRCS “Soil Survey Field and Laboratory Methods Manual” (NRCS,
2014). However, building material researchers have declared sorptivity “a property important to
the general understanding of unsaturated flow in porous material” (Hall & Hoff, 2012). Further,
there has been a relatively recent resurgence in sorptivity measurements within the wildfire
community (Hubbert et al., 2006; Moody et al., 2009; Ebel & Moody, 2016). Frequently, postfire soil water repellency (SWR) has been identified by the presence of water drops remaining on
the soil surface and not infiltrating. The extrapolation of these observations has drawn serious
concern regarding the role SWR has in the generation of post-fire runoff, flooding and debris
flows.
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A sorptivity model was presented in Chapter 2 which was developed to address the
question of how post-fire SWR affects infiltration and, ultimately, runoff. The model directly
relates contact angle (i.e., degree of water repellency) to sorptivity, but also relates effective pore
size, porosity, and initial soil moisture to sorptivity. This allows for the confounding effects of
contact angle, effective pore size, and soil moisture to be accounted for explicitly. Additional
results in Chapter 2 show the effect of water repellency has a much greater effect on sorptivity
than on hydraulic conductivity in cumulative infiltration. The effect could be especially marked
on hydrologic systems dominated by short and intense infiltration (precipitation) events typical
of the wildfire-prone regions of the western U.S. Ultimately, since sorptivity is an explicit
infiltration parameter which incorporates SWR, sorptivity can be adjusted in infiltration
equations to assess the impact of water repellency on runoff.
In post-fire situations, we anticipate the need to measure sorptivity in sometimes difficult
terrain. The US Forest Service post-fire risk assessment (Burn Area Emergency Response,
BAER) teams, for example, may be in steep burned areas where carrying large amounts of water
or equipment will not be possible. They would need a fast, robust field method to measure
sorptivity to augment (if not replace) something as easy and informative as WDPT test. The
objective of this research is to compare the ability of two common field infiltration methods (an
infiltration ring and a disk infiltrometer) to measure sorptivity of water repellent sand. Sorptivity
values determined by upward infiltration for water repellent sands in Chapter 2 are compared to
sorptivity values calculated from downward infiltration experiments on the same experimental
sand. The objective of the research presented in this chapter is to assess methods to measure
sorptivity. Emphasis is placed on accuracy and easy of measurement.
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3.2

Theoretical considerations
In 1957, Philip (1957a) introduced the concept of sorptivity (the ability of a soil to absorb

or desorb water “by capillarity”) and presented a simplified physically-based mathematicallyderived positive-downward infiltration model:
𝐼𝐼 = 𝑆𝑆𝑡𝑡

1�
2

(3.1)

+ 𝐴𝐴𝐴𝐴

where I = cumulative infiltration (l), S = sorptivity (l/t1/2), A = coefficient (l/t), and t=time. In
practice, the form of the equation allowed for simple curve fitting of recorded infiltration data to
determine infiltration parameters (S and A) as intercept and slope parameters. In a manner
similar to measuring capillarity-related properties, sorptivity could be calculated from wicking
(upward infiltration) measurements as
𝐼𝐼 = 𝑆𝑆𝑡𝑡

1�
2

− 𝐴𝐴𝐴𝐴

(3.2)

or from soil-filled horizontal column experiments where:
𝐼𝐼 = 𝑆𝑆𝑡𝑡

1�
2

(3.3a)

Philip (1957a) also noted that equation 3.3a applies to downward infiltration as t → 0. Smith
(1999) expanded on equation 3.3a as a method to measure sorptivity. He suggested inserting a
small ring into the soil such that one-dimensional flow can be assumed. By measuring the
infiltration time for a small volume of water of depth, D, applied quickly within the ring,
sorptivity could be calculated directly by substituting D for I in equation 3.3a and rearranging
such that
𝑆𝑆 = 𝐷𝐷� 1�
𝑡𝑡 2

(3.3b)

Philip’s equation is a one-dimensional (1D) equation suitable for a point or for an infinite
(i.e., large) area. With the need to measure infiltration from a small and finite circular source
(i.e., infiltrating pond or infiltrometer), Smettem et al. (1994) determined the difference in
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cumulative infiltration between Philip’s one-dimensional and a finite three-dimensional (3D)
axisymmetric source was
𝐼𝐼3𝐷𝐷 − 𝐼𝐼1𝐷𝐷 =

𝛾𝛾𝑆𝑆 2
𝑡𝑡
𝑅𝑅(𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 )

(3.4)

where γ = 0.75, R = source radius, θ = vol. soil moisture, and f and i are subscripts indicating
final and initial states, respectively. Haverkamp et al. (1994) then developed a full threedimensional simplified solution to Philip’s infiltration equation (equation 3.1) as
𝐼𝐼3𝐷𝐷 =

1
𝑆𝑆𝑡𝑡 �2

+ �𝐾𝐾𝑖𝑖 +

𝛾𝛾𝑆𝑆 2

1
+ (𝐾𝐾𝑓𝑓 − 𝐾𝐾𝑖𝑖 )(2 − 𝛽𝛽)� 𝑡𝑡
𝑅𝑅�𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 � 3

(3.5)

where K = hydraulic conductivity, and β is a shape factor usually considered equal to
approximately 0.55. Equation 3.5 can be generalized to
𝐼𝐼3𝐷𝐷 = 𝐶𝐶1 𝑡𝑡

1�
2

(3.6)

+ 𝐶𝐶2 𝑡𝑡

a form, once again, suggesting component estimation using curve-fitting of recorded infiltration
data. The parameter definition is then
𝐶𝐶1 = 𝑆𝑆

and
𝐶𝐶2 = 𝐾𝐾𝑖𝑖 +

𝛾𝛾𝑆𝑆 2

𝑅𝑅�𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 �

+

(3.7)

2 − 𝛽𝛽
�𝐾𝐾𝑓𝑓 − 𝐾𝐾𝑖𝑖 �
3

(3.8)

It is important to note that S now appears in both C1 and C2 components of equation 3.6 (in both
the intercept and slope coefficients) and that S is squared in C2. Therefore, sorptivity can be
obtained from both components of the infiltration equation, and S ≥ 0. Specifically,
𝑅𝑅�𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 �
2 − 𝛽𝛽
𝑆𝑆 = �
�𝐶𝐶2 − 𝐾𝐾𝑖𝑖 −
�𝐾𝐾𝑓𝑓 − 𝐾𝐾𝑖𝑖 ���
𝛾𝛾
3

Assuming Ki<< Kf, equation 3.9, can be simplified to
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(3.9)

𝑅𝑅�𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 �
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𝑆𝑆 = �
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𝐾𝐾𝑓𝑓 ��
𝛾𝛾
3
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2

(3.10)

The role of the components in equation 3.6 in cumulative 3D infiltration are shown in Figure 3.1.

Figure 3.1. Total infiltration using two-component equation. Components of 3D cumulative
infiltration (after Haverkamp et al., 1994) illustrating the contribution of infiltration components
to 600 seconds.

Notice, however, the C2 term in equation 3.8 is a sum. Again, assuming Ki << Kf, the
Haverkamp equation (equation 3.6) can be expressed as
𝐼𝐼3𝐷𝐷 = 𝐶𝐶1 𝑡𝑡

1�
2

+ 𝐶𝐶2,1 𝑡𝑡 + 𝐶𝐶2,2 𝑡𝑡

where
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(3.12a)

𝐶𝐶2,1 =
and

𝛾𝛾𝑆𝑆 2

(3.12b)

2 − 𝛽𝛽
𝐾𝐾𝑓𝑓
3

(3.12c)

𝑅𝑅�𝜃𝜃𝑓𝑓 − 𝜃𝜃𝑖𝑖 �

𝐶𝐶2,2 =

The role of the infiltration components in equation 3.12a is illustrated in Figure 3.2. By
separating the contribution of sorptivity from that of hydraulic conductivity, it is evident that
sorptivity, alone, plays the major role in 3D cumulative infiltration and greatly exceeds the
contribution by hydraulic conductivity. Additionally, the dominance of sorptivity over hydraulic
conductivity is temporally persistent—for a “wettable” sand (i.e., 0%WR). The role of water
repellency is equally notable. The relative effect of sorptivity and hydraulic conductivity on total
cumulative infiltration over time for untreated (0%WR) and treated (40%WR) sand is
summarized in Table 3.1. For the treated sand, the dominance of water-repellency affected
sorptivity over (virtually unaffected hydraulic conductivity) is greatly decreased, and continues
to decrease over time. The effect is more apparent in 1D than 3D infiltration, but virtually
undetectable using the two-component Haverkamp equation (equation 3.6). While the
determination of sorptivity has traditionally focused on early time infiltration, it is apparent the
determination of sorptivity from the full infiltration data set using equation 3.9 is analytically
relevant and may be more accessible than evaluating early time infiltration behavior only
(Latorre et al., 2015; Moody et al., 2019; Moret-Fernández et al, 2019).
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Figure 3.2. Total infiltration using three-component equation. Total cumulative infiltration using
Haverkamp (1994). The C2 term has been broken into components isolating the contribution of
sorptivity (S) from that of hydraulic conductivity (K).
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Table 3.1. Component percentages of total cumulative infiltration (Itot). 1D (P) represents values
calculated using Philip’s equation; 3D (H2) values were calculated using Haverkamp’s two-part
equation; 3D (H3) values were calculated using Haverkamp’s modified three-part equation. S =
7.43 and 1.27 mm s-1/2 and Ks = 0.50 and 0.43 mm s-1 measured for 0% and 40% WR sand,
respectively.
%WR

3.3

Time, s

1D (P), A=0.5Ks

3D (H2)

3D (H3)

S/Itot

A/Itot

C1/Itot

C2/Itot

C1+C2,1/Itot

C2,2/Itot

0

10

84

16

30

70

97

3

0

600

41

59

5

95

96

4

0

1800

28

72

3

97

96

4

40

10

42

58

52

48

73

27

40

600

9

91

12

88

50

50

40

1800

5

95

8

92

47
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Laboratory methods
Sorptivity was determined using three different infiltration measurement methods. The

first used sorptivity from upward infiltration experiments described Chapter 2. Second, a small
1D ring infiltration method described by Smith (1999) was used to determine sorptivity
employing equation 3.3b. Finally, following Smiley & Knight (1976), the entire 3D cumulative
infiltration curve was analyzed using a modified MDI focusing on sorptivity only using
equations 3.9 and 3.10.
All infiltration experiments used the #40-70 silica sand described in Chapter 2. Waterrepellency sand treatments were created as described previously—untreated and ScotchgardTMtreated sand were mixed proportionally by weight to induce degrees of water repellency (%WR)
with contact angles ranging from 42° (0% WR) to 88° (40%WR).
Sorptivity was measured by upward infiltration experiments in sand-packed cylinders
following Hall & Hoff (2012) and ASTM Standards C1585 and C1403, as described in Chapter
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2. Sorptivity was measured, with three replicates, using 0%WR, 20%WR, and 40%WR sands at
dry initial soil moisture conditions (θi = 0).
The upward infiltration experiments are laboratory techniques used to determine
sorptivity, but are not easily applicable in the field. Therefore, downward one-dimensional
infiltration was measured to calculate sorptivity following Smith (1999) and using equation 3.3b.
“Smith” sorptivity rings were made from 304 stainless steel tubing (thickness = 1.25 mm) and
measured 7.5 cm (ht) x 6.0 cm (dia). A clear, polycarbonate closed-bottom cylinder (12 cm x
11.6 cm) was filled with the dry sand and the Smith ring was pushed vertically into the sand to a
depth of 4.5 cm. The interior of the ring was inspected and boundary sand slightly tamped to
ensure no visually evident preferential flow paths especially along the inner ring/soil interface. A
sheet of clear plastic wrap was used to line the soil surface and inner surface of the exposed ring,
which was then filled with de-ionized water to a depth of 10 mm (i.e. using a pre-calibrated
volume of 28.27 mL). Timing of infiltration began when the plastic lining was quickly removed.
Timing ended as the sand surface just glistened per Smith (1999). Sorptivity was calculated
using Equation 3b with D = 10 mm. The ring with wetted sand was removed and inspected after
the infiltration test; the wetted sand never exceeded the inserted tube depth indicating flow
within the ring was one-dimensional during the timing interval. The Smith ring method of
determining sorptivity has been used extensively in field studies by Shaver et al. (2002; 2013).
The measurement of three-dimensional downward infiltration by disk infiltrometry has
become a widely-used method of choice to determine soil hydraulic properties. Even within the
more narrowly-defined post-fire research community, the disk infiltrometer was proposed as
technique for SWR assessment for BAER (Burn Area Emergency Response) teams. Using a
Mini Disk Infiltrometer (MDI, Decagon Devices Inc. now Meter Group, Inc.), Robichaud et al.
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(2008) recommended simply measuring the volume of water that infiltrated over a one-minute
interval as an indicator of SWR. (Converting the volume to depth and dividing by time1/2 would
yield sorptivity). Further, the user’s manual for the MDI now includes a section on its use to
define a soil water repellency index—a ratio of the sorptivity of ethanol to sorptivity of water
(Tillman et al.,1989; Meter Group, Inc., 2018). Sorptivity is calculated as the slope of cumulative
infiltration (I) vs t1/2 data using Equation 3a. However, an index of soil water repellency is not a
soil hydraulic property useful in quantitative infiltration prediction nor, ultimately, in runoff
modeling whereas sorptivity, itself, is.
In the previous section, sorptivity was shown to be a major component of threedimensional cumulative infiltration, thus a decrease in sorptivity due to water repellency should
be reflected in total cumulative infiltration. To measure infiltration on water repellent sand of
known sorptivities, three disk infiltrometers were constructed based on the MDI. While tube
inner diameter (2.54 cm) and infiltrometer base diameter (4.5 cm) were the same as the MDI, the
total tube length was increased to 58 cm with an approximate 30 cm water supply reservoir. The
change in pressure due to infiltrating water (water leaving the reservoir) was measured by an inline pressure transducer (PX170, Omega Engineering, Inc.) inserted in tubing connected to
outlets near the top and bottom of the supply reservoir. The output from the pressure transducer
(mV/V) was recorded by a CR 1000 Measurement and Control Datalogger (Campbell Scientific,
Inc.) also connected to the pressure transducer. Data acquisition and recording time was 0.5
seconds and not averaged. Datalogger data was converted to water column height using a predetermined calibration relationship: water column ht (cm) = 10.72(mV/V) + 2.01. The supply
tension was set to 0 for all infiltrometer experiments, and no contact sand was used or necessary
in any infiltrometer experiment as the sand tested was, essentially, contact sand. Straight-sided
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clear glass containers measuring 23 cm x 14.8 cm were filled with experimental sand to a depth
of approximately 14 cm. The bulk density of sand in each container was determined. Timing
began when the infiltrometer, filled with de-ionized water, was set on the sand. The sides and
bottom of the containers were monitored throughout the infiltration experiment to ensure water
flow was not affected by the container.

3.3

Results and discussion
Total cumulative infiltration from infiltrometer measurements for 0%, 10%, 20%, 30%,

and 40% WR sand are shown in Figure 3.3. Only one of the three replicates is shown for clarity.
Several features of the data are apparent. First, electronically recorded data were quite noisy,
especially early data after the infiltrometer was set onto the sand. Second, a lag appeared in the
infiltration data—there was some time between when the infiltrometer was placed on the sand
surface and the time at which infiltration was appreciably apparent. That lag time increased as
the degree of water repellency increased. Third, the shape of the infiltration data changed
gradually and systematically as the degree of water repellency increased.
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Figure 3.3. Measured infiltration for WR sand. Three-dimensional downward cumulative
infiltration for 0%, 10%, 20%, 30%, and 40% WR sand. Associated contact angles are shown.
Figure 3.3a (top) illustrates complete test data including infiltration lag. Figure 3.3b (bottom)
illustrates infiltration behavior for the same data calculated from a fitted second-order
polynomial eliminating noise and the initial lag. Time scales are altered for clarity.
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That sorptivity is theoretically evident at the onset of infiltration is established, thus
understanding initial infiltration and associated conditions are paramount to the measurement of
sorptivity from very early time data. Vandervaere et al. (2000a, b) presented a comprehensive
discourse on the measurement of sorptivity and developed a differentiated linearization method
to determine sorptivity, but also to distinguish flow governed by a sand cap from flow governed
by the soil. However, Cook (2008) cautioned that differentiation of noisy data amplifies the noise
obscuring the infiltration signal. This is especially notable in coarse soils where initial infiltration
is especially rapid (and bubbly) and difficult to measure accurately. The noisiness of the initial
data in the infiltration experiments illustrated in Figure 3.3 precluded use of the Vandervaere
method to determine C1 (i.e. sorptivity) in many cases throughout the dataset—negative
sorptivity values resulted. The noise in the infiltration data signals was due to the amount of
bubbling in the supply reservoir especially evident in the very early time data. This resulted in
pressure differences which were transformed into what appeared to be increasing and decreasing
cumulative infiltration.
A consistent analytical method to determine sorptivity from C2 (equation 2.10) for all
infiltration data (treated and untreated) was needed. First, as no simple infiltration function could
be used to account for the lagged infiltration data, the lagged data were removed. A criteria of
two consecutive seconds of increasing infiltration was used to indicate the end of the infiltration
lag and beginning of measurable infiltration. However, the lags themselves were a feature of
infiltration into water repellent sand. The lag times, averaged for each treatment were plotted
against water drop penetration time (WDPT) determined for the sand treatments in Chapter 2
(Figure 3.4). While the 0%WR, 10%WR, and 20%WR data were virtually indistinguishable on a
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linear time scale in Figure 3.4, a positive relationship is apparent. Carrick et al, (2011) have also
noted the infiltration lags in lysimeter soils and suggested it is an effect of air entrapment
exacerbated by soil water repellency.

Figure 3.4. Infiltration lags and WDPT. Average infiltration lags and WDPT data for 0%, 10%,
20%, 30% and 40% WR treatments. The WDPTs are those determined for the treated sands in
Chapter 2. The WDPT data for 0%, 10%, and 20% WR sands are virtually indistinguishable.

The infiltration lags were removed from the data shown in Figure 3.3, the remaining data
were re-adjusted to the origin, then fit with a second order polynomial to better illustrate the
infiltration response to water repellency (Figure 3.3). Contact angles associated with the water
repellency treatments from Chapter 2 are also included. It is evident the sand begins to exhibit
atypical cumulative infiltration behavior beyond 20% WR (contact angle 71°)—cumulative
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infiltration for 0%WR, 10%WR and 20%WR sand exhibits convex behavior, while cumulative
infiltration for 30%WR and 40%WR sand infiltration becomes increasingly concave. This
behavior has been noted by others. Moret-Fernández et al. (2019) recently determined both
sorptivity and hydraulic conductivity for 20 samples of water repellent soil through a relatively
involved mathematical analysis stating that the full Haverkamp equation was valid for the tested
soils. In our analysis using a simplified version of the Haverkamp equation (equation 2.5), fitting
data with simple numerical functions consistent with theory is possible to analyze aspects of the
data, but it is merely curve-fitting when the underlying data do not exhibit behavior consistent
with theory. Nevertheless, the cumulative infiltration data for 30% WR and 40% WR were
analyzed along with all other infiltration data to demonstrate the versatility of the analysis (or
lack thereof).
The infiltration data were plotted as I vs t1/2 then fit with a second-order polynomial
where the coefficient of the second-order term equaled C2. Equation 3.10 was then used to
calculate sorptivity. All sands were initially dry (θi = 0) and θf was determined from a small
sample of sand collected from beneath the infiltrometer as soon as timing ended and the
infiltrometer was lifted from the sand surface. The final hydraulic conductivity (Kf) was assumed
to be the saturated hydraulic conductivity calculated or interpolated from those values measured
for the sand treatments in Chapter 2. The calculated sorptivities appear in Figure 3.5. The
sorptivity values calculated from upward infiltration tests, as well as those from the Smith ring
tests are also included in Figure 3.5.
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Figure 3.5. Comparison ofo measured sorptivities and %WR. Sorptivity values for water
repellent sand determined from upward infiltration tests (n = 5), ring infiltrometers (n = 3), and
disk infiltrometers (n = 3).

Generally, sorptivity values obtained from upward, downward 1D, and downward 3D
infiltration measurements are consistent with respect to water repellency—as the degree of water
repellency increases, sorptivity decreases. The sorptivity values from upward infiltration
experiments are considered to be the true sorptivity values based on the data and analysis
presented in Chapter 2. Those values from the upward infiltration tests were generally higher
than all other values. The sorptivity values calculated from the downward 3D infiltration and
analysis using the Haverkamp equation were the lowest values measured, although the
sorptivities calculated for the atypical 3D infiltration behavior (30% and 40% WR sands) were
consistent with the general pattern of sorptivity data and surprisingly unremarkable. The
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sorptivity values from the Smith rings ranged between the values from the other methods, but
still decreased with increasing degrees of water repellency.
That sorptivity values from the Smith rings were greater than those from the tension
infiltrometer was expected due to the effect of a ponded depth (positive water supply pressure
head) on infiltration. Specifically, Philip (1957c) calculated the effect of a constant head on
sorptivity and determined increased water supply depth increased sorptivity for the Yolo light
clay used throughout his series on infiltration. The quantitative effect of the one cm ponded (but
falling) head used in the Smith ring to determine sorptivity has not been determined here.
Vandervaere et al. (2000a) demonstrated the effect of a negative pressure head on
sorptivity from 3D infiltration showing water supplied under negative pressure head had the
predictable effect of decreasing sorptivity. Culligan et al, (2005) also determined the effect of
increased water supply pressure head, ranging from -30 cm to 50 cm, increased sorptivity. Based
on these results, the sorptivity values determined from ponded infiltration are expected to be
greater than those determined from infiltration measured under pressure heads of 0 or less, all
other conditions being equal. The research cited above did not include the effects of water
repellency on sorptivity, however, although the results here consistently reflected the sorptivites
calculated from upward infiltration which were a function of water repellency. The effect of
water supply potential is currently not included within the contact angle-sorptivity model
presented in Chapter 2. (Philip (1957c) calculated the effect of ponded depth on cumulative
infiltration showing it increased by approximately 2% per cm and decreasing to 1% at 200 cm. In
the post-fire context under which our research was directed, a positive head of more than a few
cm on overland flow (flow prior to channelized flow) would be devastating in and of itself
regardless of the status of the soil water repellency.

51

The distinction in sorptivities determined from upward infiltration compared to those
from downward infiltration may reflect the effect of trapped air (Carrick, et al., 2011). In the
upward infiltration tests, water is pulled into the sand columns against gravity at the full potential
of the dry sand (approximately 23 cm for 0% WR sand) from the bottom upward. With a density
less than that of water, air can escape upward from the open-topped sand columns. Wetting a dry
sand from the top down, especially if the sand is confined, can decrease infiltration significantly.
Although the effect of air filled porosity is included within the sorptivity-contact angle model in
Chapter 2, that effect was not explored in the experiments here.
Overall, sorptivity determined from downward infiltration techniques commonly used in
the field, under-represented sorptivity determined from laboratory upward infiltration. However,
as all sorptivity values responded in a similar way to water repellency, relative rather than
absolute response would be recommended for field application. Comparing sorptivity values
from otherwise comparable burned and unburned soils would provide the input necessary for
prediction of post-fire infiltration response. In such cases, the Smith ring test, with test times
ranging from 4.1, 5.4, 9.2, 16.5 and 29.0 sec for 0%, 10%, 20%, 30%, and 40% WR sand,
respectively, were quick, easy, and yielded sorptivity values immediately compared to the
application of the Haverkamp equation to necessarily processed tension infiltrometer data.

3.5

Summary
Sorptivity can be determined by either upward or downward infiltration measurements.

Upward infiltration measurements are laboratory techniques not easily adaptable for field
application. Sorptivity can be measured by analysis of 1D or 3D cumulative infiltration.
Measurement of 1D infiltration with immediate results provided a ring can be inserted in the soil.
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Analysis of the Haverkamp 3D cumulative infiltration equation shows sorptivity is a major
component of 3D infiltration—while the traditional initial component of infiltration (a measure
of sorptivity) and hydraulic conductivity increase as a linear function of time, sorptivity increases
as a squared function of time. Analysis of the entire cumulative infiltration data can yield a
robust estimate of sorptivity.
The effects of water repellency are evident in cumulative infiltration, both upward and
downward. A growing lag is evident between the time water is supplied to the sand surface and
appreciable infiltration begins, as the degree of water repellency increases. Additionally, the
cumulative infiltration data became increasingly atypical as water repellency increased.
To determine sorptivity from 3D cumulative infiltration, the lagged data had to be
removed. Initial and final water contents needed to be measured, and an estimate of final
hydraulic conductivity (here, assumed saturated) was required. This technique allowed for the
determination of sorptivity from all, even atypical, infiltration data.
Three dimensional downward infiltration yielded sorptivity values lower than from the
other methods. Upward infiltration yielded the highest sorptivity values, perhaps due to the
decreased possibility of entrapped air attenuating infiltration. Sorptivities calculated from 1D
ring infiltration were midway between other values. Sorptivities from all techniques reflected the
effect of water repellency similarly. Nevertheless the 1D infiltration ring was fast and easy, and
resultant relative sorptivities (sorptivity measured from affected vs non-affected area) is
recommended for field application.
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CHAPTER 4
Wetting a Fire-Affected Water-Repellent Soil

4.1

Introduction
The approach to soil water repellency (SWR) in the previous chapters has been somewhat

unconventional within the post-fire SWR research community due to the specific and exclusive
focus on sorptivity. Post-fire sorptivity data, if collected, has been analyzed more as an indicator
of fire effect rather than a soil hydraulic property functionally altered by water repellency (i.e.,
contact angle) (e.g., Hubbert et al., 2006; Moody et al, 2009). However, the notion of fire-altered
sorptivity could exist only after Philip introduced the concept of sorptivity in 1957 (Philip,
1957a) and the first international conference on soil water repellency in 1968 (DeBano & Letey,
1969) consolidated various aspects of capillary theory and soil water repellency. Critical early
research associating water repellency to fire-related sorptivity includes Letey et al. (1962)
regarding the measurement of water repellency, Krammes & DeBano (1965) regarding the
occurrence of post-fire soil water repellency, and Talsma (1969) on the measurement of
sorptivity. The major focus of SWR research has been related to the fundamental tenant of
unsaturated flow theory—the water characteristic curve (water potential vs water content). Thus,
the purpose of the following discussion is to examine some of the findings presented in Chapters
2 and 3 with regard to aspects of unsaturated flow theory.

4.2

Water content
The paper immediately following the introduction of sorptivity in The Theory of

Infiltration series concerned the effect of initial moisture content on infiltration (and sorptivity)
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(Philip, 1957a; Philip, 1957b). From his results, Philip later wrote the correct way to represent
sorptivity should be S(θi, θf) or S(ψi, ψf) as sorptivity could be defined only over the water
contents (θ) or potentials (ψ) over which it was measured (Philip, 1969).
Water contents have been collected in some subsequent field studies in which was
measured, but empirical methods (regression) have been used to describe the relationship
(Tilllman et al., 1989; Hubbert et al., 2006; Moody et al., 2009). As stated in Chapter 2, Hall et
al., 1983) have employed analytical approximations by Philip (1957b) and Brutsaert (1976) to
quantify the effect of moisture content on sorptivity for various brick materials. The approach by
Hall et al. was used in Chapter 2 to validate the sorptivity-contact angle model—to ensure the
model accounted for the known effect of soil moisture on sorptivity. While the Philip and
Brutsaert methods were non-linear, the linear relationship between sorptivity and initial soil
moisture within the model captured the other methods relatively well…for an untreated sand (0%
WR). Hall & Hoff (2012) did not address water repellency or contact angles throughout their
book (it was alluded to in a note on possible exceptions to sorptivity theory). As part of the
experimentation reported in Chapter 2 (Figure 2.6), upward infiltration was measured in sand
columns at several initial water contents. Sorptivity and 24-hour capillary heights were measured
at initial gravimetric (w/w) water contents of 0.00, 0.01, 0.05, 0.10, and 0.15 (initial volumetric
water contents, v/v, varied with bulk density). These experiments were repeated three times
(n=3) for 0%, 20%, and 40%WR sand. The averaged results (with standard errors) appear in
Figure 4.1.
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Figure 4.1. Capillary rise for WR sand. Averaged capillary rise (n = 3) for 0%, 20%, and
40%WR sand at various initial degrees of saturation (0.0 – 1.0). All data were adjusted for sand
column bulk density and porosity.

The 0%WR sand data represent a typical response, and associated sorptivity data were
presented in Figure 2.6. The non-monotonic response evident for the 20% and 40%WR sand was
unexpected. Extensive exploratory experimentation (alternate initial water contents and treated
sand mixtures down to 5%WR, data not shown) consistently produced the same response. Yet,
the response was consistent with respect to the degree of water repellency—higher capillary rise
was always associated with lower degrees of water repellency. No such systematic response
under controlled conditions was found in the associated research literature, except within a
Master’s thesis where the result was also persistent and inexplicable (Ambrowiak, 2015). Further
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understanding regarding the wetting of a dry water repellent sand may involve vapor flow and
adsorptive forces at the pore rather than bulk scale (Tuller & Or, 2005).
No capillary rise was evident in any of the above experiments at θi(grav) = 0.15.
Therefore, all sand columns were functionally saturated at water contents less than that. The xintercepts (saturation) in Figure 4.1 were linearly extrapolated from the last two data points for
each sand. The difference between the functional degree of saturation and 1.0 was used as the
air-filled (non-water-filled) porosity in subsequent sorptivity calculation. The effect of moisture
content on water repellency appears insignificant beyond an approximately 40% degree of
saturation.

4.3

Water characteristic curve
The capillary heights shown in Figure 4.1 are essentially a measure of the water potential

(φ) associated with the specific initial water content in the column. The data in Figure 4.1 are the
water characteristic curve (WCC) for the experimental sands. Since the data were from upward
infiltration experiments where water entered the sample, the WCC represent the wetting (i.e.,
infiltration) process. A HYPROP2 (METER Group) device was used to automatically develop
WCCs for the experimental sand. The simultaneously measured potential and mass of a presoaked sample allowed to dry by evaporation atop a recording balance. The output is a drying
(drainage) WCC. The HYPROP data were superimposed on the wetting WCC; the combined
data appear in Figure 4.2.
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Figure 4.2. WCC for WR sand. Wetting and drying water characteristic curves for the 0%, 20%,
and 40%WR sands.

The difference between the wetting and drying WCCs (hysteresis) is interesting. At the
wet end (s = 1), the degree of saturation achieved by soaking greatly exceeded the degree of
saturation for which no capillary rise occurred. The differences between wetting and drying
curves are greater than any differences due to water repellency alone. Full saturation was not
achieved after soaking the samples for 24 hr, but the degree of saturation decreased as water
repellency increased. In the wetting experiments, no differences in saturation degree as a
function of water repellency beyond 40% were evident. However, post-fire infiltration does not
occur at saturation.
The water potentials at the dry end of the WCCs also exhibited notable differences. The
HYPROP reached its limit of detection before the sand samples reached very dry conditions,
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whereas a potential equal to 0 could be measured with the upward infiltration. The differences
between wetting and drying WCCs again exceeded differences in water repellency.
Ultimately, the wetting WCC reflects the infiltration) process more realistically than the
drying WCC. Measures of water repellency based on drying curve data (now, much more easily
accomplished with the HYPROP), may be misleading. Critically, the determination of the
hydraulic conductivity function from a drying WCC could lead to mis-specification of K for
infiltration prediction (e.g., Bachmann et al., 2007)

4.4

Hydraulic conductivity
In Chapter 2, results showed saturated hydraulic conductivity (Ks) was not significantly

affected by water repellency in a structure-less sand after samples were soaked from the bottom
up for 24 hours. The effect of water-repellency-altered sorptivity on 1D cumulative infiltration
greatly exceeded the effect of the associated altered Ks (Figure 2.9). The data shown in Table 3.1
indicated the effect of sorptivity and Ks varied (sometimes profoundly) over time and as a
function of the degree of water repellency. Saturated hydraulic conductivity was used throughout
experimentation as the values were readily available. In reality, infiltration under fully saturated
conditions is unlikely in arid and semi-arid soils especially after a fire. It is likely Ks was
approached in experimentation. Hydraulic conductivity, K, is a property that may vary over
several orders of magnitude, and is maximized at saturation, Ks (Jury et al., 1991). The value of
Kf, for which Ks was substituted throughout experimentation, was likely over-estimated.
However, that would indicate the effect of sorptivity in the simulations presented here would be
even more pronounced than indicated. The decrease in K may become so pronounced under very
dry conditions (essentially, θ ≡ 0 and K ≈ 0), water flow into the sand may be inhibited until
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enough water vapor enters the pores to form contiguous liquid water films. The process may be
exacerbated by water repellency and yield the response noted in Figure 4.1. Overall, wetting a
dry sand is apparently not a trivial process.
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CHAPTER 5
Summary and Conclusions –
Sorptivity: The Best Thing in Infiltration Theory since Hydraulic Conductivity

This research was inspired by a conversation with a former supervisor regarding
hydrologic modeling responses to precipitation after wildfires. Currently, there exists no way to
(quantitatively) account for soil water repellency (SWR). “See if you can Figure out how to
include water repellency.” The research presented herein is the solution.
To address the challenge, very specific contextual boundaries were established. The focus
was on the effect of SWR on runoff production on a recently burned mountain slope during the
first post-fire rainfall event. Rainfall duration was defined as 30 minutes. Because of the fire, the
soil water status was at its driest—essentially oven dry (θi = 0). The soil surface was biologically
sterilized, and neither snow nor evaporation was considered. These are generally characteristic
conditions of the fire-prone regions of the western US. Additionally, there was no attempt to
address why, where, or how much SWR occurred—it was simply assumed to exist
The research involved developing a quantitative response based on fundamental
principles only (capillarity). Once developed, the model was tested using a fully-characterized
sand under highly controlled laboratory conditions. The sand was a compromise between glass
beads and soil from the field. Water repellency was induced by spraying the sand with off-theshelf ScotchgardTM. Degrees of water repellency (treatments) were created by proportional mass
mixtures of treated and untreated sand. The developed model was verified by comparing
laboratory and model-predicted results.
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Theory without application is not desirable. The laboratory techniques used were not
easily adaptable to field application. Thus, the second major focus of the research was to assess
the validity of the model in field application. Specifically, the USFS post-fire risk assessment
BAER (Burn Area Emergency Response) teams were the considered the target users. The USFS
deploys BAER teams (which include soil scientists and hydrologists) to a fire site, even before
full containment, to make fast and simple measurements. The data are used within specified
models to predict and identify issues of immediate and near-term concern possibly affected by
flooding and erosion, and to develop stabilization responses. Measurement of SWR is a standard
operating procedure. Common field techniques were used in the laboratory under controlled
conditions to ensure that SWR was detectable and the proper properties were measured.
The presented research concluded with a discussion on the need to properly employ
fundamental unsaturated flow theory to the appropriate process (i.e., wetting vs drying). The data
presented showed the wetting of a dry soil is not trivial and is further complicated by water
repellency.
There are several main conclusions to the research:
1.

Water repellency is measured by contact angle. The precise definition of “water

repellency” varies throughout the field of fire research, but the contact angle is a feature
which, if altered, is manifest as degrees of water repellency. Research results showed the
popular water drop penetration time (WDPT) test varied non-linearly with contact angle.
But the corresponding classification of those times was not meaningfully reflected in the
process. This may lead to improper comparisons and indeterminate results. There is a
need to address the WDPT test.
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2.

The overwhelming focus of the research is on the soil hydraulic property of

sorptivity. The developed quantitative model describes sorptivity as a function of
effective pore size (related to soil texture), porosity (and bulk density), moisture content,
and, most importantly, contact angle. (The constants in the model—surface tension and
viscosity—are functions of temperature thus temperature effects on sorptivity can be
taken into account.) The model is parsimonious and includes necessary parameters are
readily available or are easy to measure to determine sorptivity. The exception is the
effective pore size, which can be measured with upward infiltration tests and a wetting
fluid (ethanol), but the relationship to readily accessible soil texture data is unexplored.
The effect of trapped air (here, on water-fillable porosity) is a persistent concern in
unsaturated flow research.
3.

The sorptivity-contact angle model, at present, defines a highly non-linear

(cosine) relationship between sorptivity and contact angle. Thus, the model is effective
only for contact angles ranging from 0° to 90°. Theoretically, at and beyond 90°,
sorptivity is not functional, infiltration into the soil is no longer spontaneous and requires
an additional force to enter the soil. Technically, sorptivity is maximized and infiltration
is instantaneous (temporally) only at 0°. At contact angles between these limits, sorptivity
decreases and infiltration is slowed. This region of water repellency is designated as
“sub-critical water repellency” and the focus of the research. It was interesting to note the
washed, relatively homogeneous sand exhibited a contact angle of 42°.
4.

The measured and modeled sorptivities agreed to a remarkable degree.

Subsequent testing of model response to the known dependence on initial water content
provided further validity of the model.
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5.

The saturated hydraulic conductivity (Ks) is a frequently measured soil property

used to assess post fire soil condition, is frequently associated with SWR, and used in
post-fire watershed modeling. Results show Ks is unaffected by SWR. (From the
discussion in Chapter 4, K (unsaturated) may be affected by SWR). Saturated hydraulic
conductivity is a structural soil property and fire can affect soil structure.
6.

From the analysis of Philip’s 1D infiltration equation, changes in sorptivity due

to SWR produce greater changes in cumulative infiltration than do corresponding
changes in Ks. In fact, the analysis of the Haverkamp equation showed sorptivity is the
major contributor to 3D cumulative infiltration. Sorptivity and K are not completely
independent, however. The relative effects of sorptivity and K will vary with degree of
SWR and time.
7.

The examination of transient, but not necessarily very short time, infiltration can

yield realistic measurements of sorptivity, even for atypical infiltration associated with
increased SWR.
8.

The measurement of 1D infiltration is a fast and easy way to measure sorptivity in

the field. The accuracy of results can be improved by interpreting measured sorptivity in
SWR-affected areas relative to sorptivity in unaffected areas.
9.

The wetting of water repellent sand produced novel and inexplicable results

indicating that wetting a dry sand is not fully understood, especially if affected by SWR.
Understanding pore scale processes is an active area of porous media research.

The concept of sorptivity was created by the soil science community. But other fields of
study (e.g., material science) have used it to the degree that international standards for its
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measurement have been created. No systematic soil sorptivity data exist anywhere throughout
the world except in a few (albeit fire-related or agricultural) studies. Due to the demonstrated
impact of sorptivity on infiltration and, ultimately, runoff, more sorptivity data is necessary.
Sorptivity may be a key, but currently unutilized, element in the immediate hydrologic impact of
wildfire. This research is a re-introduction of sorptivity to the soil and hydrologic community.
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